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Prediction of Activities of Oxygen in Dilute 
Quaternary Solutions Using Binary Data 
K. T. JACOB AND C. B. ALCOCK 
Equations are  developed for predict ing the activity coefficients of oxygen dissolved in te r -  
nary l iquid al loys. These are extensions of ear l ier  t reatments ,  and are based on a model 
in which each oxygen atom is assumed to make four bonds with neighboring metal  atoms. 
It is also postulated that the strong oxygen-metal  bonds distort the electronic onfiguration 
around the metal  atoms bonded to oxygen, and that the quantitative reduction of the strength 
of bonds made by these atoms with al l  of the adjacent metal atoms is equivalent to a factor 
of approximately two. The predict ions of the quasichemical  equation which is derived agree 
sat isfactor i ly  with the part ia l  molar  free energies of oxygen in Ag-Cu-Sn solutions at 1200~ 
reported in l i terature.  An extension of this t reatment  to mult icomponent solutions is also 
indicated. 
KNOWLEDGE of the activity coefficients of oxygen in 
quaternary and mult icomponent solutions are of in ter -  
est in the control and design of extractive processes .  
In spite of the research  efforts of the last 30 years ,  
there is only one reported investigation t of the act iv i -  
t ies of oxygen in a ternary  metal l ic  solvent which 
covers the whole range of a te rnary  composition t r i -  
angle. This lack of information and the tedious exper-  
imentation required to generate such data encourages 
the development of a solution model which will enable 
the predict ion of the propert ies  of oxygen with useful 
accuracy in var ious complex solutions from binary 
data. 
The thermodynamic propert ies  of a te rnary  regular  
solution may be expressed in three different ways: 
i) Mei jer ing 2has shown that 
AG~A+B+C) = AH(A+B+C ) = NANB~AB + NANC~AC 
+ NBNC[3BC 
where 
[3AB=-ZN' IEAt3 - (EAA ; EBB) landsoforth[1 ] 
and 
A#~(A+B+C) = AHA(A+B+C) 
= #Aa~VB(WB + NC) + #ACNC(NB + NC) 
- NSNC~BC [2] 
ii) The value of hG~A+B+C) may also be expressed 
in te rms of b inary values of AG E along composition 
paths where N A and NB/N C are  constant, 3 as shown in 
Fig. 1. 
AG~A+B+C) _ NB AG(A+B) + N C 
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It follows that 
e I NB E AliA(A+B+C) = , ~  Al'tA(A+B) 
A E 
+ ~ P'A(A+C) NA 
- (1 --NA)2[AGfB+Cl]N~/Nc [4] 
iii) The third a l ternate xpression 3 in te rms of b i -  
nary values of AG E along composit ion paths with con- 
stant NA/NB, NB/N C and NA/Nc, shown in Fig. 2, is: 
E - .z[AG(A+B) AG(A+B+C) = (1 
Rr -~c~ ~ R~ NA/N~, 
- .2 /Ac~+cl  
+ (1 -  NA~ ~, RT  )NB/Nc 
+ (1-- NB)2(AG~R~+C) )NA//N C [5] 
The part ia l  molar  propert ies  are given by express ions 
of the type 
A 
~ ~I ~st. 
~ ~EIA  N B /NC : cor~l:. 
E 
+C) ' /~G(A+C) 
c) 
B c 
Fig. 1--Location of binary data points used in Eqs. [3] and [4]. 
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E A It B (A+B+C) E = [(1 -- Nc)AP.B(A+B) 
+ NC(1 -- Nc)AG~A+B ) ]NA/N B 
+ [(1 - NA)ApEB(B+C) 
* NA(1 -- NA)AG~+c)]NB/Nc 
(1 N z E 
- - B) [ C(A+C ]NA/NC [6] 
Olson and Toop a have shown that the excess free en- 
ergy of nonregular  l iquid solutions formed by three 
metal l ic  constituents may be obtained in an empir ica l  
manner  from the data on the three b inar ies  involved, 
even though the b inar ies  do not conform to a simple 
regular  behavior.  The second and third t reatments  
shown above are more useful for the empir ica l  calcu- 
lation of b inary excess free energies for nonr~gular  
systems,  because the exper imental  b inary AG values 
may be used direct ly in these express ions rather  than 
averaged values for the constants ~AB, and so forth, 
in Eqs. [1] and [2]. However, the second method of 
representat ion has been shown ato give different resu l ts  
for the excess ternary  free energy surface of a non- 
regular  solution, depending on the choice of component 
subscr ipts .  Eqs. [5] and [6] are therefore most suit -  
able for calculating AG~+B+C) and the activity coeffi- 
cients of A, B, and C in a te rnary  solution, formed by 
three metal l ic  const ituents.  
Based on a regular  solution model, the part ia l  molar  
free energy of solution of oxygen dissolved in a te rnary  
alloy may be expressed by the relat ion 
APO(A+B+C) = NAA~o(A ) + NBAP.O(B) + NCAI.~O(C) 
E 
-- AG(A+B+C ) [7] 
Judging from the resu l ts  which are obtained when 
applying the regular  solution equation to oxygen dis-  
solved in b inary al loys, this s imple expression is not 
expected to predict  activity coefficients of oxygen with 
sufficient accuracy.  Equations that have been found 4'5 
to give a good fit to exper imental  data on oxygen in 
solution in binary alloys are based on a model in which 
each oxygen atom is assumed to make four bonds with 
? 
Fig. 2--Location of binary data points used in Eqs. [5] and [6]. 
metal  atoms around it. These strong metal -oxygen 
bonds are assumed to distort the meta l -meta l  bonds 
made by metal atoms which are  bonded to oxygen, and 
the effect is the same as a reduction in these bond en- 
ergies or bond numbers  by a factor of two. Informa- 
tion now avai lable on the activity of oxygen in b inary 
al loys can be sat is factor i ly  predicted when the reduc-  
tion in meta l -meta l  bond energies are considered to 
be independent of the strength of metal -oxygen bonds. 
This t reatment  will now be extended to quaternary 
solutions. 
Analysis  of the geometry of l iquids in te rms of the 
random closed packed hard sphere model by Bernal  
and coworkers ~indicate that 73 pct of the holes in the 
liquid are tetrahedral  and 20 pct are half -octahedral .  
While their  conclusions are not direct ly applicable to 
typical te rnary  metal l ic  solutions, a bond number  of 
four for oxygen is in reasonable agreement,  if oxygen 
atoms are assumed to occupy the interst i t ia l  posit ions 
in the alloy. 
DERIVATION OF EQUATIONS 
In the general  case,  let each oxygen atom make X 
bonds with metal  atoms. The fract ional  decrease 
(1  - a) in the energies of meta l -meta l  bonds made by 
metal  atoms bonded to oxygen can be quantitatively 
treated by defining a as 
ZE - ZE  x ZE  - ZXE 
ZE ZE 
where Z is the number of meta l -meta l  bonds made by 
each atom in the absence of oxygen, and Z x is the num-  
ber of such bonds made by metal atoms that are bonded 
to oxygen. Since the chemical  bond models t reat  a 
product of bond energy and bond number ,  a decrease in 
the energy of Z bonds from E to E x can be written in 
an equivalent way as a decrease in the number of bonds 
from Z to Z x, each bond being associated with an en- 
ergy E. 
The oxygen atom is introduced into the metal  after 
a hole has been made by removing a metal atom to 
the surface. Then each oxygen atom forms X bonds 
with metal  atoms around it. The remain ing bonds 
which are broken in creat ing the hole and in forming 
X metal -oxygen bonds are remade,  so that all metal  
atoms not bonded to oxygen make Z bonds, and those 
bonded to oxygen make Z x bonds. Then, 
AHo(A) =N'  [-yDo2+ EAA(~)X-XEoA]  [8] 
and so forth, where N '  is Avogadro's number ,  D is 
the dissociat ion energy,  and EAA and so forth are the 
energies of pairwise interact ion.  
If there are large dif ferences in the energies of A -  
O, B-O, and C-O bonds ( i .e.,  EOC >> EOB >> EOA), 
then there would be preferent ia l  c luster ing of B and 
C atoms around oxygen atoms. When the A, B, and C 
atoms have attained the equi l ibr ium distr ibut ion 
around each oxygen atom, corresponding to a min imum 
in the free energy of mixing of the quaternary solu-  
tion, the free energy changes associated with exchange 
react ions 
A-O + B-Av  ~ B-O + A-Av  [9 ] 
A-O + C-Av  ~ C-O + A-Av  [10] 
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must  be zero .  In other words ,  when the equi l ibr ium 
conf igurat ion is atta ined,  there is no dr iv ing force for 
changing an A-O bond to a B-O bond by the exchange 
of an A atom in the f i r s t  coordinat ion shel l  of an oxy-  
gen atom with a B atom in the volume of the melt .  
The energy change accompanying react ion  [9] is:  
AE = N'[EOA + (Z - ZX)(NBEBB + NAEAB 
+ NcEBC) - EOB - (Z - zx)(NAEAA + NBEAB 
+ NCEAC)]  [11] 
Combining Eqs.  [8] and [11], 
AE = --AHO(A) + AHo(B) X + N ' (Z  - zX) (NBEBB 
+ NAEAB + NCEBC)  + N'  (Z -~ zX) .EAA 
- N ' (Z  - zX) (NAEAA + NBEAB + NCEAC)  
- N' (Z --2z_~X) EBB 
AE = ~Ho(A)  + AHo(B) + EABN' (Z  - Z x) 
X 
• [NA - NB ] -- N ' (Z  - zX) (NA - NB) 
- EACN' (Z  - ZX)Nc + 
. ,< ._  
AE = --AHo(A) + AHO(B) + 
X 
(NA - NB)N ' (Z  - Z x) x [EAB -- EAA;  EBB] + 
NcN' (Z -  Z x) x [EBc  - -EBB;  ECC I _ 
NcN ' (Z -zx)  x [EAC EAA;  ECC] 
Noting that f rom Eq. [2], 
AH A(A+B+C) -- &HB(A+B+C) = [3 AB(NB -- N A) -- JBCNC 
+ [3ACN C 
the enthalpy of the exchange react ion may be wr i t ten as 
AH ,m AE = --AHO(A) + AHo(B) + 
X 
(z - Z x) 
Z • (aliA(A+B+C) --AHB(A+B+C) ) [12] 
Fol lowing the method used in the ear l ie r  paper 5 the 
entropy change assoc iated with the exchange react ion 
can be expressed  by: 
E E AS = --ASE(A) + AsE(B) + AS.4(A+B+C) - AS~(A+B+C) - 
X Z 
+R in N__~ +Rln  NB [13] 
N~ NA 
where N~ and NOB are  the f ract ions of A and B atoms 
in the meta l  atoms bonded to oxygen. By combining 
Eqs.  [12] and [13] and equating the f ree energy change 
of the exchange react ion  to zero ,  it is found that 
N~ NA \YO(B) / \YA(A+B+C)/ 
S imi la r ly  by equating the f ree energy change for the 
exchange react ion [10] to zero ,  one obtains: 
NYA NA \'YO(C) / \TA(A+B+C) 
By rear rang ing  Eqs.  [14] and [15] and remember ing  
that 
N~4 + NOB + N~ = 1 
the following equations are  obtained: 
NA [16] 
N~ = NA + K~NB + K2Nc 
K~NB [17] 
N~ = NA + K~NB + K2Nc 
g2mc [18] 
N~ = NA + K1NB + K2Nc 
where 
.1= ~ 
\'Yo(B)/ \TA(A+B+C)/ 
and 
~IX Z c~ ( c<,,+.+c> / 
K2 = \YO(B) / \YA(A+B+C) ]
Having thus ca lculated the number of O-A,  O-B ,  and 
O-C bonds in solution, the par t ia l  heat of solut ion of 
oxygen in A + B + C solution can be calculated by sum- 
ming up the energ ies  of bonds made and broken in in-  
troducing an oxygen atom into the te rnary  al loy,  using 
a procedure  s imi la r  to that employed in evaluat ing the 
energy change assoc iated with the exchange react ions  
[9] and [10]. 
AHo(A+B+C) = N~A [AHo(A) -- Xot AH A(A+B+C) ]
+ NOB [AHo(B) -- XOt AHB(A+B+C) ] 
+ N~c[AHo(c) -Xa  AHc(A+B+C)] [19] 
The express ion  for the par t ia l  molar  entropy of oxygen 
in the te rnary  al loy would contain te rms represent ing  
the v ibrat ional  and conf igurat ional  contr ibut ions due to 
c luster ing around the oxygen atom. Fol lowing the pro -  
cedure outl ined in the ear l ie r  paper  s
ASo(A+B+C) = (N~ ASo(A) + NOB ASO(B) + N~ ASo(c) ) 
N g?a g~ -XR ~4 In ~-~ + N~ in NB
Nt  
+ NC in N-C-c) - X~176 AS~(A+B+r 
+ N~ E AS B (A+B+C) + N~ ASE(A+B+C)) [20] 
The te rms in the f i r s t  b racket  represent  he sum of 
ideal  and excess  v ibrat ional  contr ibut ions;  the te rms 
in second and third brackets  denote conf igurat ional  
excess  entropy contr ibut ions.  By combining Eqs.  [19] 
and [20], the par t ia l  molar  f ree energy of solut ion of 
oxygen is obtained as: 
E 
AI3.0(A+B+C) = N~ - Xot AId.A(A+B+C)) 
E + N)3 (Apo(B) -- Xot AP.B(A+B+C)) 
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E + N~ (A ~tO(C) -- Xot At.tC(A+B+C)) 
(N~4 N~4 N_~ +XRT In ~ +N~ In NB 
+N~ In N~ [21] 
NC / 
By express ing  the par t ia l  mo lar  f ree  energ ies  in Eq.  
[21] in te rms of act iv i ty  coe f f i c ients  and s impl i fy ing  
the resu l t ing  express ions ,  it can be shown that: 
c~ 7c~ a N A (y A(A+B+C) ~ + + 
9 ~ IX  ] ~ 1 IX  I I ~ IX  / 
\ TO(A) . \ NO(B) ! \ NO(C) / 
"/ O(A +B+C) 
DISCUSSION 
Block and Stuve ~ have measured  the par t ia l  mo lar  
f ree  energy  of so lut ion  of oxygen at one a tom percent  
concent ra t ion  in Ag-Cu-Sn  a l loys  at 1200~ over  the 
whole  range  of the compos i t ion  t r iang le .  The i r  resu l t s  
fo r  the f ree  energy  of so lut ion  of oxygen in pure  s i l ver  
and copper  a re  in good agreement  wi th  other  pub l i shed  
data;  7'4 the i r  va lue for  oxygen in pure  t in is  approx-  
imate ly  4 kj more  negat ive  than those  ca lcu la ted  f rom 
the resu l t s  of A lcock  and Be l fo rd ,  8 Carbo ,  9 and F i sher  
and Ackermann.  z~ The resu l t s  of B lock and Stuve for  
the f ree  energy  of so lut ion of oxygen in b inary  Cu-Sn 
and Ag-Cu  a l loys  a re  in reasonab le  agreement  with 
those  obta ined by o ther  invest igators .  11'12 In v iew of 
th i s ,  the i r  resu l t s  fo r  the so lu t ions  of oxygen in the 
te rnary  a l loys  may be cons idered  to be su f f i c ient ly  
re l iab le  to tes t  the equat ions  wh ich  were  der ived  above.  
S ince the par t ia l  mo lar  f ree  energy  sur face  of oxygen 
at 1200~ var ies  sharp ly  f rom -6900 jou les  in pure  
s i l ver  to -75,975 jou les  in pure  copper  and -147,350 
jou les  in pure  t in across  the te rnary  t r iang le ,  the Ag-  
Cu-Sn-O sys tem prov ides  a c r i t i ca l  tes t  for  the the -  
o re t i ca l  mode l .  
It has  been  shown in an ear l ie r  paper  5 that  the ac -  
t iv i ty  coe f f i c ients  of oxygen in a number  of b inary  
a l loys  can be pred ic ted  us ing  a mode l  in wh ich  each  
oxygen is assumed to make four bonds ,  and the f rac -  
t ional  decrease  (~) in energ ies  of bonds between meta l  
a toms bonded to oxygen was  assumed to be equal  to 
0.5. Eq.  [22] then reduces  to: 
1 ~ A(A+B+C) Nn] B(A B+C)|  
114 = NA / 1/4 + zJ / 114 / 
\ O(A+B+C)/ X TO(A) \ "/O(B) ] 
/ 112 ) 
,, I~C(A+B+C) [23] 
+ lvC/ -  ~ - 
\ 7o(c)  
Us ing  the b inary  data on Cu-Ag  and Cu-Sn  a l loys  ob-  
ta ined f rom the supp lements  to the compi la t ion  of 
Table I. Comparison of Calculated and Predicted Values for the Chemical Potential of Oxygen in Ag + Cu + Sn Alloys at 1200~ (Joules per Mole) 
Properties ofAg + Cu + Sn Solution Calculated -/~PO(Ag+Cu+Sn) 
Using Eqs. [5] and [6] APo(Ag+Cu+Sn ) Proposed Model; 
NAg NCu Nsn AtaEg Ata~u ~tlEn ~G E Measured Values Eq. [23] 
APO(Ag+Cu+Sn) 
Regular Solution 
Model; Eq. [7] 
0.8 0.1 0.1 469 7,761 -8,464 301 58,746 56,260 28,226 
0.7 0.1 0.2 456 6,040 -7,769 -632 78,939 74,385 41,328 
0.6 0.1 0.3 -1,072 4,173 32,818 - 1,209 97,584 94,478 54,786 
0.5 0.1 0.4 -1,452 1,758 -2,177 -1,410 110,016 107,078 68,621 
0.4 0.1 0.5 -1,498 883 -1,687 - 1,528 118,769 116,370 82,539 
0.3 0.1 0.6 1,486 -3,596 -1,147 - 1,490 126,945 124,742 96,638 
0.2 O. 1 0.7 - 1,461 -6,304 -7,535 - 1,423 133,236 132,277 109,853 
0.1 0.1 0.8 -1,365 -9,017 -159 -1,168 138,540 139,100 124,755 
0.7 0.2 0.1 1,214 4,734 - 10,021 963 64,150 60.571 35,780 
0.6 0.2 0.2 1,222 2,524 -8,204 -398 80,748 80,915 48,461 
0.5 0.2 0.3 84 645 -3,993 -1,025 99,920 97,115 61,869 
0.4 0.2 0.4 167 -1,498 -2,980 -1,423 111,356 107.036 75,507 
0.3 0.2 0.5 502 -3,759 -2,152 -1,674 120,285 116,956 89,291 
0.2 0.2 0.6 829 5,994 -1,574 -1,976 127,485 125,287 103,026 
0.1 0.2 0.7 1,298 -8,422 854 -2,152 134,161 132,989 116,886 
0.6 0.3 0.1 2,365 2,327 -12,181 900 69,140 64,130 42,622 
0.5 0.3 0.2 2,344 12 -8,405 -1,561 82,389 80,162 54,196 
0.4 0.3 0.3 2,038 -2,206 -4,479 -1,189 101,247 96,362 68,604 
0.3 0.3 0.4 2,537 -4,253 -3,223 - 1,804 111,624 107,873 82,025 
0.2 0.3 0.5 3,186 -6,208 -2,189 -2,319 121,423 117,836 95,545 
0.1 0.3 0.6 3,751 8,355 -1,256 -3,257 129,481 126,082 108,643 
0.5 0.4 0.1 3,893 791 -15,061 758 72,765 66,432 49,378 
0.4 0.4 0.2 3,776 1,812 -7,468 707 85,022 83,092 61,949 
0.3 0.4 0.3 4,500 -4,370 -4,906 1,871 102,390 97,576 74,820 
0.2 0.4 0.4 5,634 - 6,438 3,039 2,662 113,382 109,129 88,065 
0.1 0.4 0.5 6,341 - 8,338 -1,716 3,558 123,625 119,092 105,391 
0.4 0.5 0.1 5,789 -297 -17,045 460 75,444 69,069 55,979 
0.3 0.5 0.2 6,019 5,643 8,660 -958 87,425 82,644 68,596 
0.2 0.5 0.3 7,489 -5,793 -4,998 -2,897 104,244 98,287 80,693 
0.1 0.5 0.4 8,904 -7,869 2,830 4,173 114,864 110,175 93,452 
0.3 0.6 0.1 7,727 -624 -22,818 335 79,325 71,204 62,082 
0.2 0.6 0.2 9,117 -4,295 -9,837 -2,721 89,618 84,850 73,732 
0.1 0.6 0.3 12,512 -6,597 -4,785 -4,139 103,628 99,794 86,349 
0.2 0.7 0.1 10,013 -1,486 22,843 -1,323 81,681 73,799 67,993 
0.1 0.7 0.2 12,704 -4,701 11,214 4,261 90,179 85,436 79,090 
0.1 0.8 0.1 12,093 1,482 - 26,049 -2,578 81,627 75,515 73,636 
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Fig. 3--The partial molar free energy surface of oxygen (at 1 
at. pct) in Ag + Cu + Sn alloys at 1200~ - -  Measured iso- 
activity coefficient lines; - - -  values predicted by Eq. [23]. 
Hultgren et al. ~3 and the data recommended by Castanet 
et al. ~4 for Ag-Sn al loys, the integral  excess free en-  
ergy and the activity coefficients of Ag, Cu, and Sn in 
ternary Ag-Cu-Sn alloys may be calculated at different 
composit ions from Eqs. [5] and [6]. The part ia l  excess 
free energies obtained are tabulated in Table I. Using 
these values,  the activity coefficient or the part ia l  
molar  free energy of oxygen in Ag-Cu-Sn alloys can 
be calculated using Eq. [23]. The calculated values 
are compared with the measured ones in Table I and 
Fig.  3. It is seen that at all composit ions in the ternary  
tr iangle,  the predicted values agree within 6 kj with 
those measured by Block and Stuve. This agreement is
considered to be sat isfactory in view of the assump-  
tions used in deriving the equations and the uncertainty 
l imits  on the b inary data used in the calculation. A
ser ious drawback of the proposed theoret ical  t reatment  
may appear to ar ise from the neglect of electronic ef- 
fects accompanying alloy formation. However, since 
the part ia l  molar  free energy surface of oxygen changes 
by severa l  ki lojoules across  this ternary  system, e r -  
ro rs  from the neglect of the electronic ontr ibution 
(probably only about 4 to 8 kJ in b inary alloys) may be 
neglected. Eq, [23] may also be expected to predict  
sat is factor i ly  the activity coefficients of sulfur in dilute 
solution in metal l ic al loys. Unfortunately, no data are 
avai lable for the activity of sulfur in quaternary sys -  
tems,  for which aU the binary data are also known. 
When other interst i t ia l  solutes like carbon, hydrogen, 
or nitrogen are dissolved in al loys, the reduction in 
meta l -meta l  bond energies would be less signif icant, 
s ince the energies of the bonds made by these in ter -  
st i t ia l  solutes with metal  atoms are considerably 
weaker than in the ease of oxygen and sulfur.  
When the activity coefficients of oxygen in pure A, 
B, and C do not differ signif icantly,  the number of A, 
B, and C atoms bonded to oxygen would be proport ional  
to their atom fract ions.  It therefore follows that NA 
= N~4, NB = N~,  and so forth, and if x = 4 and a = ~, 
Eq. [21] s impl i f ies to: 
A#O(A+8+C) : NA A#OfA) + NB APO(B) + NC At~O(O 
- 2 [24] 
This equation may be expected to predict  activity coef- 
f ic ients of oxygen in liquid Cu + Ni + Co alloys with 
useful accuracy,  since the activity coefficients of oxy- 
gen in the three pure metals  differ by factors less than 
10. 
Comparison of Eq. [23] with that for oxygen in a b i -  
nary A + B al2oy ~ suggests that the activity coefficient 
of oxygen or sulfur dissolved in a mult icomponent 
metal l ic  solution (A + B + C . . . + Y) may be calculated 
from binary data from the relat ion,  
1 N [~A(A+B.. +Y) 
]./4 = A|  -- 1/4 " 
\70(A+B+C. . . +Y) \ TO(A) 
/ 112 / 
,,T [TB{A+B. . . +Y) 
+ l'~B| 1/4 
\ "YO(B) 
/ t12 y~) 
+. . .  + Nr( r(A% . - .+  [25] 
\ 7o(c) 
The predicted activity coefficient of oxygen can be 
combined with the standard free energy of formation of 
the stable oxide in equi l ibr ium with the mult icomponent 
alloy phase to obtain quantitative information on deox- 
idation equi l ibr ia or oxygen solubi l i ty. 
APPENDIX 
The notation and units which have been used in this 
paper follow the recommendat ions of IUPAC. The fol-  
lowing table shows how the thermodynamic property 
symbols are to be read: 
A~O(A) APA(A+B) A~Z~(A+B+C) and so forth 
Par t ia l  and excess part ia l  free energies (chemical 
potentials) 
AHB(A+B) AHO(A+B+C) and so forth 
Par t ia l  heats of solution 
E 
ASC(A+B+C) AS,4(A+B) and so forth 
Par t ia l  and excess part ia l  entropies 
AG(A+B ) AH(A+B+C) AS~+B) and so forth 
Integral  propert ies  
The unit of energy is the joule. 
One cal (thermal) is equivalent to 4.184 joule. 
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